In this paper, an interface circuit for a three-axis digital tunneling resistance-type magnetic sensor in a standard 0.5µm CMOS technology is presented. The weak signal detection is achieved by the chopper instrumentation amplifier. The conversion between analog and digital is achieved by the fully differential fourth-order forward Sigma-Delta modulator. The output zero-bias of magnetic sensor is corrected by digital auto-offset circuit. The design and fabrication of tunneling resistance-type magnetic sensor interface ASIC with digital output have been achieved by the research. The performance of magnetic sensor is shown as below：the sensor is at 5V operating voltage, the value of consumption is only 120mW；the nonlinear of the sensor is 0.1%FS；the zero reference output is less than 10nT；the equivalent input noise density is less than 0.13nT/Hz 1/2 (at 10Hz).
Introduction
Recently, high-performance magnetic sensors with nano-T resolution are applied in inertial navigation systems, space stations and micro/nano satellites [1] . In order to achieve a high-performance magnetic sensor system, the low-noise magnetic sensor element and the interface circuit is critical. Previous magnetic sensors is mainly based on AMR 、 GMR. The HMC1043 and HMR2300 of Honeywell Company are based on AMR which have applied in DawgStar satellite, USUSat and HokieSat [2] [3] [4] . At the same time the small AMR resistance-type magnetic sensors are also constituted of sensor array to measure the gradient of the magnetic field [5] [6] [7] . This work proposes a chopper instrumentation amplifier and a 4th-order low-noise ΣΔ modulator interface circuit based on tunneling resistance-type magnetic sensor element. The sensor element has a low noise of less than 0.1nT/Hz 1/2 (@10Hz) and the 4th-order electromechanical system greatly decreases the quantization noise at a relatively low sampling frequency. In order to detect the weak signal of magnetic sensor element, the chopper instrumentation amplifier is proposed. In order to achieve the digital output, the fully differential four-order forward Sigma-Delta modulator is proposed. The magnetic sensor and measurement results are shown.
Magnetic Sensor element and interface circuit

Sensor element
The simplified principle of the tunneling resistance-type magnetic sensor element is shown in Fig.1 . When the magnetization direction is in parallel state, the equivalent resistance is in low state, when the magnetization direction is in antiparallel state, the equivalent resistance is in high state. In order to achieve the higher sensitivity, the Wheastone bridge structure is used in TMR sensors [8] . In this work, the magnetization sensor element operates in a vacuum package with high sensitivity 15mV/Oe and high resolution less than 1nT/Hz 1/2 (@10Hz). stage of chopper amplifier is constituted of the transistor Q2, Q3, Q6, Q7. The pre-chopping switch is constituted of s1, s2, s3, s4, s5, s6, s7, s8. The low-frequency noise of the input signal is modulated to a high frequency by the chopping switch. The modulated signal transmits into the input of the amplifier. Then the signal is transmitted to the current mirror circuit by the switch modulation. After the differential signal is summed and is modulated by chopping switch s11、s12、s13、s14, the differential signal is transmitted to third-stage amplifier. The third-stage amplifier is two-stage Miller amplifier constituted of the transistor Q15~Q25. Then the high-frequency part of the modulated signal is processed by the low-pass filter. Because the low-frequency 1/f noise of TMR sensors is the main noise, this chopper method is effective. In order to distinguish the output signal frequency of the sensors, the low-frequency noise and offset of the amplifier is modulated to high-frequency. Then a low-pass filter is used to filter out the modulated low-frequency noise and offset. The cutoff frequency of the filter constituted of the analog switch and the amplifier input capacitance is set:
Interface circuit
After the voltage noise of the analog switch is modulated by chopper-stabilized. The high-frequency (fchop) noise is modulated to a low-frequency noise, the equivalent input voltage noise density is:
The voltage noise density of analog switches and chopper stabilized amplifier's input offset voltage are related to the size of analog switches, at the same time the minimum area of the analog switch is limited [9] . Fig.3 shows a fully differential fourth-order forward Sigma-Delta modulator circuit. The noise shaping module of double-ended fully differential structure consists of four in-phase integrators. In the first stage integrator in order to achieve low noise, the chopping technique is applied. The low-frequency flicker noise is modulated to high-frequency by chopping switch, so that the modulator has a better noise suppression performance at the low frequency [10] [11] . The one-bit quantizer is achieved by the dynamic comparator. The input signal of the modulator is as the input signal of the integrator and input signal of forward summation network. The output of the comparator is as a control signal to control feedback reference voltage Vref + and Vref-in the first stage integrator. The sequence diagram of the fully differential modulator is shown in Fig.3 , wherein P1 and P2 are the two-phase non-overlapping clock, P1 is active-high, P2 is active-low. The shutdown time of P1d is later than P1, The shutdown time of P2d is later than P2, it can effectively suppress the influence of charge injection and clock-feedthrough in the switched-capacitor circuit. When P1 = 1, P2 = 0, the modulator begins to sample the signal, the signal is quantized by the one-bit quantizer. When P1=0, P2=1, the modulator begins to be integral to the signal, the quantizer output feeds back to the first stage integrator input. The analog front-end interface and digital ASIC chip of tunneling magneto-resistive sensor by 0.5um mixed signal CMOS process. As shown in Fig.4 for the chip layout of the tunneling magneto-resistive sensor. Within the dynamic range of 10Hz, the SNR of Sigma-Delta ADC by the chopper technology is achieved to 120dB or more, the equivalent magnetic noise density is less than 0.1nT/Hz 1/2 .
Experimental results
The interface circuit was fabricated in a standard 0.5μm CMOS process, and the PCB photograph of the tunneling magneto-resistive sensor interface chip is shown in Fig.5 . It also shows the photograph of contrast with HMR2300 (Honeywell Company). The 5V supply is supported by the Agilent E3631, and the power dissipation of the sensor is 120mW. The magnetic field is adjustable by the constant-current source (Kenwood PW36-1.5ADP). The three-axis fluxgate magnetometer FVM-400(MEDA Company) is useful for measuring the value of magnetic field. The test of the linearity is as shown in Fig. 6 by the fitting straight line at ±1Guass. The digital output is achieved by RS232 and the Baud Rate of 9600. The sensor output PSD is processed by a standard Matlab program as shown in Fig. 7 . The sensor system achieves a resolution of 0.13nT/Hz 1/2 (@10Hz), which is limited by the low-frequency noise 1/f of the sensor element. The whole test is in a three-layer shield environmental. The test platform is shown in Fig. 8 . The comparison of this work with reported HMR2300 is listed in Table 1 . This work has a wide bandwidth and high resolution at relatively low power dissipation. 
Conclusions
A low noise chopper instrumentation amplifier and Σ Δ interface for the tunneling resistance-type magnetic sensor is presented in this work. The vacuum-packaged sensor has a low fundamental noise of smaller than 0.1nT/Hz 1/2 (@10Hz).The interface chip is implemented in a standard 0.5μm CMOS process.
The measurement results show a resolution of nearly 0.13nT/Hz 1/2 (@10Hz) and the nonlinear of the sensor is 0.1%. With a power supply of 5V, the power dissipation is 120mW.
